Abstract: Tetrodotoxin (TTX) is a highly specific blocker of voltage-gated sodium channels. The dissociation constant of block varies with different channel isoforms. Until recently, channel resistance was thought to be primarily imparted by amino acid substitutions at a single position in domain I. Recent work reveals a novel site for tetrodotoxin resistance in the P-region of domain IV.
Sodium channel structure and function
Voltage-gated sodium channels (Na v ) are membrane-bound proteins that initiate action potentials in nerve and muscle cells and are critical elements of proper function in these tissues [1] . The channels open when the voltage across the cell membrane is depolarized by a few millivolts above the normally negative resting membrane potential. Channel activation allows sodium ions to enter the cell and further depolarize the membrane potential. The movement of sodium ions through the membrane comprises the rising phase of the action potential. Rapid inactivation of the channel stops the flow of sodium ions through the membrane. This step, along with the activation of voltage-gated potassium channels, allows the membrane to repolarize and ends the action potential. Action potentials act as electrical messages that travel along the axons of nerve cells and the surface of muscle fibers initiating the release of neurotransmitters by neurons and coordinating contractions in muscle. Thus, the loss of Na v activity paralyses nerve and muscle tissue.
Sodium channels are formed by a 260 kDa α-subunit that is associated with one β subunit (β1) in skeletal muscle cells and with two β subunits (β3 and β1 or β2) in the central nervous system [2] . The α subunit forms the pore and the protein contains components required for other aspects of channel function including voltage-dependent activation and fast inactivation (Figure 1 ). Although the kinetics and voltage dependence of channel gating are modified by the β subunits [3, 4] , all the elements of channel function can be reconstituted when the α subunit is expressed alone in heterologous expression systems, e.g. Xenopus laevis oocytes [5] [6] [7] . An early model of the two-dimensional folding pattern of the α subunit predicted that the protein consists of four homologous domains (DI-IV) composed of six α-helical transmembrane segments (S1-S6) and that the regions of the protein between segments S5 and S6 of all four domains reenter the membrane to form the outer pore of the channel through which sodium ions enter the cell [8] . Further work on sodium channels has supported the general features of this model including the identification of the S4 segments as the voltage sensor [2] . A repeated motif of positively charged amino acids separated by two hydrophobic amino acids is found in the portions of the channel assigned to the S4 transmembrane segments [8] . When the positively charged residues in the S4 transmembrane regions are replaced with uncharged amino acids, the voltage-dependence of channel gating is altered as would be expected in the region of the channel that acts as a voltage sensor [9, 10] . Additionally, there is evidence that portions of the S4 segments move outward in response to the membrane depolarization. Residues in the S4 segments become more accessible to reaction with extracellular reagents and less accessible to reaction with intracellular reagents when the membrane is repeatedly depolarized [11, 12] . After channels open in response to membrane depolarization, they rapidly inactivate which stops the flow of sodium ions into the cell. This form of channel gating occurs when the linker between the third and fourth domains of the channel physically occludes the intracellular mouth of the channel pore [9, [13] [14] [15] [16] . Channel opening, ion selectivity and inactivation are each controlled by separate regions of the α-subunit. The extent to which these regions interact is a subject of ongoing study.
Sodium channel gene family
Voltage-gated sodium channels are encoded by a multigene family [17, 18] . Different types of excitable tissue express different members of the sodium channel gene family and the tetrodotoxin (TTX) sensitivities of nerve or muscle cells are dependent on the type of channels expressed in the cell. There are ten members of the gene family in the three mammalian species where all members of the gene family have been identified [19] . In the weakly electric fish Sternopygus macrurus, six genes have been identified although there maybe as many as eight sodium channel isoforms in fish (personal communication by H. Zakon; [20] ). The nine mammalian channel isoforms that have been identified and functionally expressed (NaV1.1 -NaV1.9) have greater than 50% identical amino acid sequence within each of the four domains and the linker between domains III and IV [21] . The tenth sodium channel isoform NaV has a more divergent sequence and may represent a distinct subfamily [22] . This channel isoform has never been functionally expressed in heterologous cells, but evidence from NaV expression patterns and NaV knockout mice indicate that the channel may not function as a voltagegated channel but rather be important for sensing and regulating extracellular salt in the hypothalamus and visceral organs [23, 24] . The genes that encode NaV1.1 through NaV1.9 in humans and mice are found on four chromosomes and the chromosome segments containing sodium channel genes are paralogous [25] . A segment of chromosome 2 contains genes encoding NaV1.1, NaV1.2, NaV1.3 and NaV1.7 that have more than 90% amino acid sequence identity [18, 21] .
The marine toxin TTX has long been recognized as a potent inhibitor of sodium currents in nerve and muscle. A more comprehensive review of TTX and its actions relative to other marine toxins is discussed elsewhere in this issue (Al-Sabi et al. [78] ). TTX sensitivities of nerve or muscle cells are dependent on the type of channels expressed in the cell. Products from the cluster of genes located on chromosome 2 are all blocked by nanomolar concentrations of TTX and are expressed in neurons. A second cluster of genes containing NaV1.5, NaV1.8 and NaV1.9 is located on chromosome 3. These isoforms have 75% amino acid sequence identity as genes in the chromosome 2 cluster but are blocked by micromolar concentrations of TTX. The genes have more limited expression patterns, with NaV1.8 and NaV1.9 primarily expressed in neurons of the dorsal root ganglion and NaV1.5 primarily expressed in cardiac muscle cells. The two final sodium channel isoform genes, NaV1.4 and NaV1.6, are each located on separate chromosomes despite the fact that they have greater than 85% sequence identity with the genes clustered on chromosome 2 and are also blocked by nanomolar concentrations of TTX. One channel isoform, NaV1.6, is expressed in many types of neurons but NaV1.4 appears to be solely expressed in skeletal muscle fibers. Subtle differences in channel function may explain differences in the expression pattern of channel isoforms, but an understanding of the correspondence between channel function and expression is still at an early stage.
Sodium channel isoform expression patterns and function
Recent work has shed some light on the correspondence between channel isoform function and expression. Both Na V 1.2 and Na V 1.6 are expressed in neurons of the central nervous system but their expression patterns differ in the cell types and even the region within the same neuron in which they are found [26] . The nodes of Ranvier are the regions along the length of axons without myelin and glial cell wrapping that allow for the saltatory conduction of action potentials. The predominant isoform at the nodes of Ranvier in sensory and motor neurons of the adult central and peripheral nervous system is Na V 1.6 [27] . However, in developing retinal ganglion cells both Na V 1.2 and Na V 1.6 are clustered at immature nodes of Ranvier, and only as myelination proceeds does Na V 1.6 replace Na V 1.2 [28, 29] . If Na V 1.6 is required for proper function of mature axons, this suggests that Na V 1.6 allows axons to transmit high frequency action potentials. Indeed, Na V 1.2 and Na V 1.6 respond differently to a rapid series of depolarizations, currents through Na V 1.2 decrease and currents through Na V 1.6 increase [30, 31] . Currents through Na V 1.6 increase because repeated stimulations of the channels cause a use-dependent potentiation of channel opening where channels activate faster after repeated depolarizations. Currents may decrease through Na V 1.2 after repeated stimulation because channels more rapidly enter a slow inactivated state and fewer channels are available to open with repeated stimulations. The slow inactivated state develops after prolonged membrane depolarization or repeated stimulation and sodium ions cannot pass through channels in this state [32, 33] . The expression of Na V 1.6 in mature nodes of Ranvier may allow the rapid, repeated depolarization of the membrane and the transmission of high frequency action potentials along the length of the axon.
Cell maturation is accompanied by another change in sodium channel isoform expression in skeletal muscle tissue. Neonatal rats express both Na V 1.5 and Na V 1.4 in their skeletal muscle tissue. However, by postnatal day 35, mRNA encoding Na V 1.5 is undetectable and mRNA encoding Na V 1.4 has increased 10-fold [34, 35] . Intriguingly, after denervation Na V 1.5 is expressed again and Na V 1.4 transcript expression declines as if the muscle were reverting to an earlier developmental stage. Cardiac muscle tissue where Na V 1.5 is primarily expressed has a very different pattern of activity than adult skeletal muscle where Na V 1.4 is primarily expressed. Action potentials in the heart are repetitive and sustained with the membrane remaining depolarized for several hundred milliseconds [36] . In contrast, during the action potential in skeletal muscle fibers membrane depolarization lasts a few milliseconds and can occur at high frequency [37, 38] . If subjected to the prolonged depolarizations that occur during the cardiac action potential Na V 1.4 channels enter the slow inactivated state and are no longer excitable unless the membrane is held at a negative potential for seconds [39] . However, Na V 1.5 currents do not slow inactivate completely even after long depolarizations lasting seconds. These channels can function in the activity pattern found in heart muscle tissue and may also be able to function better in the altered activity pattern of immature and denervated muscle fibers that have depolarized resting membrane potentials and spontaneous action potentials [40] . The impairment of slow inactivation in Na V 1.4 can lead to skeletal muscle dysfunction. Several mutations in Na V 1.4 that are linked to the skeletal muscle diseases hyperkalemic periodic paralysis and paramyotonia congenital impair the ability of the channels to enter the slow inactivated state and reduce the use-dependent inhibition of sodium current after rapid stimulation [41, 42] . This defect accentuates the muscle membrane depolarization and hyperkalemia sensitivity that lead to muscle paralysis. Thus, an alteration of the sodium channel isoforms expressed in a tissue may impair the proper functioning of that tissue. Although a change in sodium channel expression pattern might allow certain tissue to resist the effects of TTX, the expression of an isoform with different kinetic and voltage-dependent properties might alter the functional properties of the tissue.
Tetrodotoxin binding
Tetrodotoxin blocks sodium channel activity by binding to the outer pore of the channel that is formed by S5-S6 linkers [1] . The portion of the linkers that interacts with TTX forms the pore α-helix, the selectivity filter and the outer vestibule of the pore [43, 44] . Sodium ions entering the cell pass through the outer vestibule of the pore and the narrow selectivity filter before they can enter the inner pore of the channel (Figure 2 ). Two rings of mostly negatively charged amino acids line the outer vestibule (shown in pink in Fig. 2) , and the inner ring, composed of aspartate (DI), glutamate (DII), lysine (DIII), and alanine (DIV) (the DEKA filter shown as red, red, blue, and green space filling structures in Fig. 2 ) forms the selectivity filter [45, 46] . Structural support for the selectivity filter is provided by interactions of the amino acids between the negatively charged rings and those in the pore helices [43, 44] . The positively charged guandinium group and hydroxyls of TTX ( Figure 3 ) interact with the side chains of the amino acids that form the negatively charged rings [45, 47, 48] . Changes in the amino acids of the S5-S6 linker from the pore helix to the outer negatively charged ring effect TTX binding either by altering the electrostatic interaction between TTX and an amino acid side chain directly or by altering the shape of this narrow portion of the pore where TTX binds [43] [44] [45] [47] [48] [49] .
The binding affinity of the channel for TTX is also altered by changes in membrane potential [50, 51] . The percentage of channels blocked by TTX increases with repeated stimulation of the channel. One model of use-dependent block interprets the increased block that accompanies repeated membrane depolarizations as indicative that the binding site for TTX becomes accessible and the probability of TTX binding increases when the channel activates in response to membrane depolarization [50, 51] . Another model of TTX use-dependent block suggests that toxin binding in the pore can be affected by a cation (Na + or Ca 2+ ) bound in the closed pore [52, 53] . When the channel opens the ion passes into the interior of the cell and allows TTX to bind to the outer pore. The determination of which model correctly describes use-dependent block will probably best be made with data from the crystal structure of the pore in the open and closed state. These data should show whether the conformation of the outer pore is different when the channel is in the closed and open state. In addition to the block of ion permeation by TTX, external application of toxin appears to affect sodium channel gating. The steady state voltage dependence of gating charge immobilization -the restriction of voltage sensor movement during inactivation [54] -is hyperpolarized by TTX in crayfish giant axons [55] . The effect of TTX on charge immobilization is reduced, but not entirely eliminated, by internal perfusion of N-bromoacetamide (NBA). This result suggests that TTX alters the voltage dependence of both fast and slow inactivation, or that NBA alters channel structure in such a way that the effect of TTX on inactivation is reduced. Although a number of amino acid changes have been identified that affect TTX binding to the channel through mutational analysis, naturally occurring differences in TTX sensitivity among members of the sodium channel gene family arise from differences at a single amino acid position in the outer pore (Figure 1 ). Tetrodotoxin-sensitive members of the gene family can be distinguished by the presence of an aromatic amino acid at the domain I position above the selectivity filter and TTXresistant members have a cysteine or a serine at the same position [56] [57] [58] [59] [60] . In tetrodotoxic animals, TTX resistance appears to be derived from the substitution of non-aromatic amino acids at this critical position in domain I in the TTX-sensitive members of the sodium channel gene family [61, 62] . A hydrophobic portion of TTX is thought to interact with the aromatic amino acid above the selectivity filter in domain I [43, 47] . The type of amino acid at this position also affects the ability of the channel to conduct sodium ions through the membrane. The TTX-resistant channel Na V 1.5 that is primarily expressed in heart muscle tissue has lower permeability to sodium ions compared to the TTX-sensitive channel Na V 1.4 expressed in skeletal muscle tissue. The replacement of a tyrosine with a cysteine at the critical position in domain I of Na V 1.4 reduces single channel conductance from 53 pS to the level measured for Na V 1.5, 43 pS [58, 63] . The relationship between channel permeability and the functional requirements of excitable tissues is not clear but it is unlikely that the differences reflect a requirement for TTX resistance in heart muscle.
Physiological effects of TTX
The effects of TTX on the human body differ among various excitable tissues based upon the sodium channel isoforms expressed in the cells of that tissue type. The dangers of TTX intoxication include effects on tissues that primarily express TTX-sensitive sodium channel isoforms such as skeletal muscle tissue and peripheral nerves. The major danger is respiratory failure [64] [65] [66] . The diaphragm is composed of skeletal muscle fibers and may become paralyzed during TTX intoxication. Heart muscle tissue that primarily expresses a TTX-resistant channel isoform can in most instances continue to function after TTX is ingested. Other effects include paralysis of the limbs that can progress to generalized flaccid paralysis, dizziness that may be accompanied by a sensation of floating perhaps as proprioceptive input is lost, and numbness of the mouth that can progress to the tongue, face and periphery [66] . The most severe cases of TTX poisoning can include symptoms of hypotension and bradycardia perhaps as the TTX-sensitive channels found in arterial smooth muscle cells and the sinoatrial node of the heart are blocked [67] [68] [69] .
Novel mechanisms of TTX resistance
Ingesting newts of the genus Taricha that have high concentrations of TTX in their skin is lethal to almost every one of their potential predators [70] . One predator, the garter snake Thamnophis sirtalis, has evolved resistance to TTX that allows the snake to eat newts. The effects of attacking a toxic newt can range from reduced locomotor performance to paralysis and death from respiratory failure depending on the level of resistance of the individual snake. Variation in TTX resistance among snake populations is extreme and spans three orders of magnitude [71] . Thamnophis sirtalis is found across North America, but it is only in snake populations that are sympatric with toxic newts that extreme resistance to TTX has evolved suggesting that snakes have evolved resistance in a coevolutionary arms race with tetrotodoxic newts. Phylogeographic evidence indicates that TTX resistance has evolved independently at least twice within T. sirtalis populations in western North America [71, 72] .
Studying the evolution of TTX resistance in garter snakes has provided an opportunity to determine what changes are possible in a conserved portion of the Na v that still allow for proper channel function.
Elevated resistance to TTX is due, at least in part, to mutations in the outer pore of a Na v expressed in the skeletal muscle fibers of resistant snakes [73, 74] . An analysis of the nucleotide sequence of the channel cloned from snake skeletal muscle demonstrates that the channel has the highest homology to other vertebrate skeletal muscle sodium channel genes (Na V 1.4). Tetrodotoxin resistance in garter snakes has evolved through mutations in an important functional region of a TTX-sensitive sodium channel gene, tsNa V 1.4 and not through changes in gene expression where a TTX-resistant channel gene is expressed in skeletal muscle tissue.
Mutations observed in TTX-resistant snake sodium channels are at positions in the outer pore [74] other than those previously identified, and may therefore have effects on channel function that differ from those imparted by changes in the domain I sequence [58, 63] . Snakes from three TTX-resistant populations (Warrenton, Benton, and Willow Creek) have an aromatic amino acid in the critical position of the domain I sequence but novel mutations in the domain IV S5-S6 linker of tsNa V 1.4 that increase the TTX concentrations required to block the channel. The domain IV outer pore sequence of tsNa V 1.4 from a non-resistant snake population (Bear Lake) matches that of rat and human Na V 1.4 and is blocked by low concentrations of TTX. Changes in the amino acid sequence of channels from TTXresistant snakes are in a highly conserved portion of the S5-S6 linkers that forms the outer vestibule and selectivity filter of the channel. Amino acid substitutions that alter the structure or charge in this portion of the pore can affect both TTX-binding and channel function [43, 45] . For example, TTX binding, single-channel conductance and ion selectivity are all affected by amino acid substitutions that replace the conserved domain IV aspartic acid in the outer ring of charged amino acids in the outer pore with an uncharged residue [45, 75, 76] . One of the amino acid substitutions in the Willow Creek channel sequence replaces the aspartic acid in the equivalent position of domain IV with an uncharged asparagine. It is reasonable to predict that this dramatic change at a critical residue may affect other aspects of channel function. Additional substitutions in the channel sequence that affect TTX binding are in regions of the channel that affect the structure of the selectivity filter and outer vestibule. Changes in channel structure may have consequences for channel permeability and selectivity.
The population with the most extreme resistance values (Willow Creek) has the most changes in the outer pore sequence of tsNa V 1.4 and the four amino acid substitutions increase the TTX resistance of the channel by three orders of magnitude. This population also has significantly slower action potential (AP) rise rates than the three other populations suggesting that the changes in the structure of the outer pore may have altered channel function. Two populations from another lineage with intermediate TTX resistance (Benton and Warrenton) have more conservative amino acid substitutions and the change in TTX resistance they impart is more modest. The AP rise rates from Benton snakes are the same as those recorded from nonresistant snakes (Bear Lake population), however AP recordings from Warrenton snakes have the surprising result that the AP rise rates are faster than those recorded from other snake populations. This result is not predicted by the single change in the pore sequence of the Warrenton channel and suggests that another mechanism may also play a role in TTX resistance of this snake population. Specifically, snake from this population may express an increased number of sodium channels in skeletal muscle fibers. An increase in the sodium current of skeletal muscle fibers would increase the AP rise rate and could increase the concentration of TTX required to block activity in the skeletal muscle fibers of this population.
The proper functioning of electrically excitable cells depends on maintaining a balance between ion currents that alter the membrane potential. Adaptations that allow common garter snakes to eat tetrodotoxic newts may have altered sodium channel function and this change could alter the magnitude of sodium currents in skeletal muscle cells. Changing sodium current magnitude could alter the balance of currents that influence cell excitability and action potential propagation. There is a physiological trade-off between TTX resistance and locomotor performance that manifests as more resistant snakes having slower maximum crawl speeds [77] . Differences among populations in AP rise rates suggest that changes that alter the TTX resistance of the skeletal muscle may also affect cell physiology. The slowing of the AP rise rate in one population and its increase in another suggest that changes in channel function and possibly channel expression affect cell physiology. The evolution of TTX resistance in Thamnophis sirtalis has occurred through a series of unique substitutions in a protein that is vital for nerve and muscle cell activity and in a region of the protein that is critical for its function. Further work in this system has the potential to increase our understanding of how ion channel function influences cell physiology through an opportunity to measure the benefits and costs of changes in sodium channel structure on the proper functioning of nerve and skeletal muscle tissue.
